In the last decade, there have been many destructive floods in various parts of the world. Despite the extensive investment in flood control works, neither flood occurrences nor damages are decreasing. A possible consequence of climate change is an increased frequency of extreme meteorological events that may cause floods. Discussion is offered of some recent large floods in the world and of the experiences in combating floods in Japan. Floods change over time as societies change. There is no single universal remedy against floods and site-specific local efforts are necessary. It is essential to undertake damage mitigation measures together with physical control measures for flood management in an integrated approach, using a mixture of structural and non-structural means. A more disaster conscious society needs to be built with better preparedness and safe-fail (safe in failure) rather than, unrealistic, fail-safe (safe from failure) design of flood defences.
INTRODUCTION
Destructive floods have been a major calamity since the dawn of civilization. They have jeopardized settlements located, as a rule, near rivers. Floods are natural events and they will continue to occur. Despite all sorts of flood control efforts, flood danger has not been eliminated and probably never will: flood defences do not guarantee complete protection. Average annual flood losses worldwide have soared to several billion US dollars. Some recent floods have beaten records not only of total material losses (social and economic characteristics) but also, if compared with floods over the period of instrumental observations, absolute record stages (geophysical characteristics). The number of flood fatalities worldwide reaches thousands.
Open for discussion until I December 1999 There are different kinds of floods, each having different properties and a long history of human protection activities. There are river floods (which can be rainfallinduced, snowmelt-induced, or a mixture of both) up to a continental scale, debris flows, floods in deltas jeopardized by storm surges, ice jam floods, dam break floods, etc.
The flood damage potential is increasing because of urban concentration worldwide, encroaching of settlements into flood-prone areas, and over reliance on the safety provided by flood control works such as levees, reservoirs etc. Typically, dikes offer protection against small and medium size floods, i.e. the number of floods in this range is decreasing. Yet, when a deluge is of disastrous size and the dikes break, the losses in a levee-protected landscape exceed those in a natural one. Anthropopressure causes the tendency to use additional land, that is also the flood plains which attract development due to their flatness, soil fertility and proximity of water. Among other causes of increasing flood risk are increase in the proportion of impervious area, deforestation and channel improvement, e.g. straightening of water courses. The net results are higher runoff coefficient, faster and higher hydrograph peak (system response to intensive precipitation) and accelerated erosion and transport of water, sediments and other materials. In mountainous areas, development extends to hilly slopes which are subject to landslide and debris flows. The problem is increasing with development of residential areas, deforestation, road construction, etc. in hilly areas.
There has been a number of severe recent floods worldwide, which are mentioned further in this contribution. As two examples, the Mississippi 1993 and the Odra 1997 floods are given now.
The Great Flood of 1993 in the USA has been termed the most devastating deluge in the modern history of the United States. Historical flood records on the main stem of the Missouri River were broken at several observation stations by up to four feet (122 cm). In St Louis, on the Missouri, the previous record stage was exceeded for more than three full weeks (cf. Natural Disaster Survey Report, 1994) . The Great Mississippi Flood had significant impact on policy. Recommendation was made to the White House that federal, state and local authorities and those who live or have interests in the flood plains should share responsibility for the development and fiscal support of flood plain management activities. Unnecessary development in flood plains should be avoided and, in the case of existing development, minimization of damage should be achieved by detaining floodwater, flood-proofing and relocation of the most hazardous locations. Federal and state governments have relocated over 10 000 families from flood plains in the Mississippi basin since the flood.
However, even if the Great Flood of 1993 was generally perceived as an exceptionally rare event, proxy data show that there have been half a dozen floods, in the principal basin affected, of similar size in the last two hundred years (cf. Knox & Kundzewicz, 1997) .
One of the most devastating recent floods in Europe was the July 1997 flood on the River Odra (Oder in German), the international river whose drainage basin is shared by the Czech Republic, the Republic of Poland and the Federal Republic of Germany. The flood, caused by a sequence of intensive and long-lasting precipitation, reached disastrous levels in terms of both stage/flow and consequences (Kundzewicz et al, 1999) .
In all three riparian countries, the total losses were assessed to be in excess of 10 billion DM (Deutsche Mark; at the time approximately US$5.6 billion), while the number of fatalities in the Czech Republic and Poland reached 114 (Griinewald, 1998) . In the mountainous portions of the Odra drainage basin, and in particular of its tributaries, extreme surface runoff formed and the flood devastated numerous settlements. The water masses in the River Odra caused severe urban flooding. In Raciborz-Miedonia, on the Polish stretch of the Odra, water reached the culmination stage over two metres higher than the maximum observed so far and the corresponding flow was about two times higher than the historical record.
FLOODS IN PERSPECTIVE
Two sets of characteristics are being used to describe floods. They are of hydrological (geophysical) and socio-economic natures. Some hydrological characteristics describe the phenomenon in a direct way and are directly measurable (e.g. maximum flow and maximum stage, total volume of a flood wave, duration of flow remaining above some threshold level, inundated area, velocity of flood rise). Other hydrological characteristics are of an indirect, derived nature and can be seen as interpretations of direct hydrological characteristics (e.g. extreme value statistics, return period, probability of exceedence). Examples of socio-economic characteristics are: number of fatalities, inundated houses, lost bridges, total level of material losses, insured losses, number of evacuees, etc.
Maximum observed floods
One important listing of geophysical characteristics of large floods, the World Catalogue of Maximum Observed Floods, was compiled by Rodier & Roche (1984) . The most recent data in this catalogue are already over fifteen years old and it would be desirable if compilation of a new catalogue could be undertaken soon. Rodier & Roche (1984) studied a link between maximum floods and areas of drainage basins and advocated the use of the following formula to provide a good fit to the maximum floods, applicable across a range of scales:
This seems to work better than the classical relationship:
which fails for smaller drainage basins. In the above equations, log denotes common logarithm, Q is the maximum flow rate in m 3 s" 1 and A is the area of the drainage basin in km 2 . The parameter, K, is therefore measuring a link between area and extreme flow. Given the same catchment area, the value of K would measure flood severity. Rodier & Roche (1984) noted that record floods have values of K expressed by equation (1) close to six. In their list of record-breaking floods, assembled in the format: peak flow-drainage basin area, the most floods come from the Asian continent, the Americas and Australia and Oceania. The highest value of A" (= 6.76), was found for a flood on the Amazon (Obidos gauge), where a maximum flow of 370 000 m 3 s" 1 was observed in 1953 from a drainage basin area of 4.64 x I0 6 km 2 . It is very likely that for some tributaries to the Amazon this record value of K was exceeded during the same flood. On the Ouaieme (New Caledonia), a drainage basin of 330 km 2 area subject to intense rainfall (automatic raingauges showed 1000 and 1693 mm in a day), produced a peak flow of 10 400 m 3 s" 1 (K = 6.389). Equations (1) and (2) do not include, in an explicit way, the causative factorintensive precipitation. The lists of point maximum precipitation records and those of areal distribution (depth-area-duration records) as given in WMO (1986) help understand how gigantic a flood can be if, for instance, a record rain falls over an impervious area. The vision of having a record precipitation, such as an actually observed point rainfall of 206 mm in 20 min, of 1825 mm in one day or 3847 mm in eight days, or having very high mean areal precipitation (e.g. 244 mm in 24 h over 51 800 km", as observed in the USA) horrifies flood protection managers.
Statistical data on historical floods have been assembled by different bodies, such as governments, nongovernmental organizations, insurance and re-insurance companies. In the case of the most dramatic deluges with high death tolls, different sources give considerably differing estimates. Among the most catastrophic floods of the twentieth century were the deluges in China. According to Hu Mingsi & Luo Chengzheng (1992) , and the National Flood Control and Drought Resistance General Directorate Office & Water Resources Ministry's Nanjing Institute of Hydrology and Water Resources (1997) , the floods in the Yangtze in July and August 1931 killed 400 000. According to the information compiled by the Munich Reinsurance Company (Munich Re, 1988) , this number is higher-1.4 x 10 6 . Other sources give even higher estimates. Burton (1989) and Smith & Ward (1998) 
Floods in the 1990s
In their recent report on flooding, Munich Re (1997) compiled statistics of the largest flood events which have occurred worldwide in the 1990s. According to their data, in 1990-1996, there have been 22 flood disasters in each of which either at least one thousand people lost life or the material losses exceeded one billion US dollars. Six floods with the total number of deaths in excess of a thousand were noted, with the most disastrous being the storm surge flood in Bangladesh when, in the course of two days in April 1991, 140 000 people were killed. There have been 21 flood events that caused total losses in excess of one billion US dollars each. Further catastrophic floods also occurred in 1997 and 1998. The highest flood losses in the 1990s (see Table 1 ), of the order of US$26.5 and 30 billion were recorded in China in 1996 and 1998, respectively.
It was not uncommon that floods repeatedly occurred in the same country at short time intervals. For example, the Democratic People's Republic of Korea suffered from disastrous floods in summer 1995 (68 deaths, US$15 billion total losses) and a year later, in summer 1996, a flood extending to the Republic of Korea claimed the lives of 67 people and caused US$1.7 billion in material losses. It is interesting to note that Figure 1 presents data on the 33 most disastrous floods of 1990-1996 (after Munich Re, 1997) with two more recent destructive floods in central Europe (1997) and China (1998) , illustrating the regional distribution of the largest floods. Indeed, the majority (19) of these catastrophes have occurred in countries of the Asian continent. Six deluges occurred in North America and five in Europe. Indeed few countries are free of flood danger. Even countries located in dry areas, such as Yemen, Egypt and Tunisia, have not been flood-safe. It is counter-intuitive that in dry areas, more people may die of floods than from lack of water, since dryness is a normal state to which humans have adapted themselves, while floods suddenly strike an unprepared population. Catastrophic floods in the early 1990s, have also occurred in Africa (Tunisia, Malawi, Egypt), where hundreds people were killed and total material losses soared to several hundred million US dollars. Wealthy societies may be willing to pay a high price to avoid low-probability disasters, but floods also strike developed countries. Yet, the fatality toll in developed countries is far lower than in the developing ones. Figure 2 illustrates the ratio of material losses (in million US$) to number of deaths (in simple words, material losses per one death) as a function of GNP per capita (in US$), without taking account of the severity of particular floods. As expected, there is a general pattern in this relationship. For catastrophic floods in developing countries, material losses per one fatality can be as low as US$21 000, while in developed countries they can be up to US$400 million.
There are several lessons to be learned from these experiences: -Floods occur all over the world, even in arid regions. -Recent climate variability seems to have brought more frequent floods in several areas. -Developed societies are risk-averse and willing to pay the high costs of advanced flood protection to decrease the flood danger. Less developed countries have no choice. -The poorer a society, the more tragic in disasters; poor people have nothing to lose but their lives. -If a so-called 100-year flood (with a probability of exceedence of the order of 0.01) happens, it does not mean that one will need to wait a long time for an event of a similar magnitude to occur in the same place (a common misconception in the public). A large flood may come again soon, as shown in several recent examples. -Societies are learning and adapting to disasters. People's experiences of floods reduce damages in the next floods, but the memory fades very quickly.
THE JAPANESE EXPERIENCE IN THE PAST 50 YEARS
As Japan is one of the countries with large flood risk, it is worthwhile to consider the Japanese experience in flood protection and management as a result of adjustment to the governing environment. In a large part of South and East Asia, the climate is warm and humid with ample rainfall. Compared with European rainfall and floods, those of Asia are far more intensive. But relying upon this climate, the inhabitants of South and East Asia developed rice paddy agriculture in the flood plain and accordingly also built villages in the flood plain. This basic framework of dwelling created a unique society, culture, life style and landscape throughout the area, i.e. rice paddies, irrigation and drainage canals, river dikes, retardation ponds etc. A new hydrological regime was formed which in turn constrained the living pattern of the people as well as the pattern of development of their drainage basins. The Japanese experience in the 20th century has consisted of painful adaptation processes with many unexpected developments. Japan shares the common nature of the warm humid Asia in many respects, such as rice paddy agriculture, habitation in the flood plain, large population, rapid urbanization, industrialization, environmental concerns etc. Therefore, especially the recent 50 years of Japanese experiences (Takahasi, 1993) would serve as an example that may be encountered in one form or another elsewhere in the region. Figure 3 shows the chronological changes in the number of fatalities resulting from excessive precipitation events in the past 100 years (Ministry of Construction, Japan, 1997). During the first 15 years (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) after World War II, Japan experienced a series of disastrous floods which killed more than 1000 people almost every year (about 3000 in 1953 and 5600 in 1959). Climatically, it was a wet period where record strong typhoons struck nearly every year. In addition, the flood control works were neglected for a long time during the war. There was little money allocated to the maintenance of channels and banks and flood defences deteriorated. Moreover, the continuous levee system constructed in the past rendered flood discharge more concentrated in time and space, resulting in high peak flow in major rivers downstream. As a result, major bank collapses occurred along large rivers, resulting in the inundation of vast areas of rice paddies and major cities such as Tokyo, Osaka, Nagoya and others. This has caused much trauma in post-war Japan. After 1960, Japan never had more than 1000 flood fatalities per year (less than 600, except for 1962). This is partly because the climatically wet period was over and fewer strong typhoons struck Japan since the big one in 1959. But more important reasons would be the progress of flood control works and changes in social behaviour and spirit of respecting human lives. Another most decisive reason was that better weather forecasting information became available and made public through radio and TV. People became able to prepare for floods by flood-proofing works, dike protection, evacuation etc. This has been a symptom of the overall development of the nation, a reward of the peace.
Statistics improve
It is important to note that, even though the number of fatalities decreased, the flood damages have not and new dangerous types of floods have emerged. In fact, because of these floods, the annual death toll has remained at the level of some hundreds for a long time and, even now, often exceeds a hundred. The new types of floods were urban floods and debris flows. Urban floods became an issue already in the late 1960s, hitting newly developed flood prone areas, where few used to live and the flow used to be retarded. Then such places were quickly protected by better drainage, dikes, land raising etc., which by return made flood concentration shorter and higher downstream, and the channel capacity improvements could not catch up.
The Japanese urbanization was very rapid, reflecting the rapid industrialization since the mid-1950s. The population working in the first economic sector (agriculture, forestry and fishery) fell from more than 50% at the end of World War II to 17% in 1970. Nearly all the population working in the second and the third economic sectors (manufacturing and services, respectively) moved to cities and developed the paddy fields, and low lands and other less expensive areas near the rivers with quite often poor quality houses, which were naturally weak and could not resist floods. Urban floods then spread all over Japan starting from Tokyo and Osaka, then to their suburbs and to other cities. Flood occurrence was accelerated by the conversion of paddy fields, which used to serve as flood retardation ponds, into residential areas.
The urban floods were destructive not only in terms of property damage but also in terms of death toll. The relationship between the number of fatalities and the energy of typhoons that caused the floods revealed that the death toll per unit of typhoon energy increased in the 1970s (Kurashima, 1977) . This was due to the weakness of the newly developed urban areas.
The other major concern is landslides (including steep slope collapses) and debris flows. Between 1967 and 1990, 64% of the deaths due to excess precipitation have been attributed to landslides and debris flows rather than to river floods. For both urban floods and debris flows, the weather forecast is not of much help. The flood discharge is fast and the location of landslides and debris flows is unpredictable. In the whole country, over 170 000 danger spots have been designated as locations of potential occurrence of debris flows, landslides and steep slope collapses where, in each location, more than five households may be affected. Less than a quarter of those hazardous locations received any protective works. For warning and preparedness, the local radio network and community patrol are the available media. Quite often people start evacuating only after serious damages have already started somewhere in the village.
Comprehensive flood control management
A comprehensive flood control management was initiated in late 1977 reflecting the dike collapses in the three consecutive years (1974) (1975) (1976) at the major rivers: Tama, Ishikari and Nagara. Realizing that the physical control works alone could not completely overcome the floods, the basic strategy of this management was an integrated approach to flood damage mitigation, especially promoting the storage and retardation functions of a river basin as a whole by introducing flood retardation and infiltration facilities in addition to better drainage functions in urban river basins.
A discharge suppression strategy, sometimes called "law of discharge conservation", means that new developments should not increase the intensity and amount of flood discharge from the area as compared to the original state. The storage and retardation function of disappearing paddy fields and the infiltration capacity of forests, grass and farm lands should be replaced by district disaster prevention ponds, rainfall storage and infiltration facilities at individual buildings, and the emergency use of park and school playgrounds for flood retardation etc.
Furthermore, land use zoning, flood-proofing, publicizing flood hazard maps, and strengthening community systems for evacuation were also emphasized. Other very expensive means were underground storage facilities. Some tunnels cost more than US$120 000 per metre (1988 value). The Kanda-gawa-7th-Circular-line Underground Control Pond in Tokyo (an underground tunnel at depth of 40 m, of diameter 12.5 m, length 4.5 km and storage capacity 540 10 3 m 3 ) is now under construction, and is planned to be extended to 30 km.
In the highly mobile society of Japan, it is difficult to maintain continuity of local flood experience and risk consciousness. Inexperienced new people may become the majority in a community before a new flood occurrence. Even government engineers responsible for local flood control management move as often as every couple of years leaving a certain gap. In order to fill this gap, university professors specialized in river engineering are designated by the Ministry of Construction as so-called "river councillors" to watch "their" local rivers in the long term and to act as consultants to the community as well as for government river management practices. There are some 110 river councillors throughout Japan.
One of the most important recent social needs concerning rivers relates to their environmental value: aesthetics and nature. Construction works are often being criticized by various environmental groups. Flood control projects are not an exception, the opposition being directed against construction of retardation reservoirs, flow diversion canals, expansion of river channels and even removing vegetation from the river. Alternative means may be very expensive. The structural means of control are getting more and more difficult to implement. The full usage of the non-structural means, full disclosure of the information and the democratic process of decision making are the only way to persuade the public to agree to major structural projects. There is no flood insurance in operation in Japan because the flood frequency is high and the expected losses are tremendous.
Strategies of flood protection in Japan
It has been found in Japan, a country very vulnerable to floods, that the key to reducing the flood death toll, is information dissemination and warning. However, even if the death toll can be reduced, it is difficult to reduce the damage to property. New flood hazards and damage potential are created as society changes and develops. Flood control along a river is not enough: the basin as a whole should retain and possibly enhance retardation capacity. That is, integrated flood management is the only way to cope with floods. People's mobility results in weakness of society against floods since the experienced people are replaced by the inexperienced.
The current Japanese strategy for flood protection management may be summarized as follows:
Strategy for large rivers Structural means such as dams, levees, flood diversions, channel improvements, upstream sediment control; and non-structural means such as flood forecasting, warning, evacuation and community self-protection teams.
Strategy for major cities Along major rivers where absolutely no embankment collapse is allowed, protection is by "super levees" which are high and wide (300-500 m) levees on which urban buildings and traffic facilities are developed. These serve as the redevelopment of urban areas, too, which justifies the construction cost by increasing the value of the developed lands. Figure 4 depicts an example plan. Strategy for small urban basins Retardation facilities such as district ponds, house and building storages; emergency use of school playgrounds, parks etc.; underground retardation and drainage pipes; infiltration facilities such as ponds, conduits with infiltration holes, permeable pavements etc.; better drainage facilities including drainage pumps in lowlands, flood proofing by elevated house foundations and district walls: protection of subways from floods entering, life-line protection etc. The runoff forecast based on precipitation nowcast (on-line rainfall observations) is not enough and there is potential for the development and use of quantitative precipitation forecasts.
Strategy for environmental concerns
The artificial restoration of a sound hydrological cycle by enhancement of retardation and infiltration of rainfall in urban areas and in river basins is an efficient solution to both ecological and water resources requirements and the implementation of nature-oriented river improvement works.
FLOOD PROTECTION AND MITIGATION IN THE SUSTAINABILITY CONTEXT

Living with floods
As floods cannot be completely eliminated, societies must live with them (cf. Kundzewicz, 1999) . What is the meaning of the phrase "living with floods"? Let us take recourse to an example from Southeast Asia. In the Lower Mekong and the River Chao Phraya, for instance, one of the popular species of rice in the deep flood plain was the floating rice which grew as tall as 10 m in water as the water level gradually rose during the flood season. The speed of rice growth was as much as several centimetres a day-the same as that of the water level rise in the wet season. People used to harvest the rice from boats by cutting only the grain part above the water. The production efficiency of rice was naturally quite low but such a lifestyle was maintained over a thousand years, relying upon regular seasonal flood visits. The introduction of flood control in the modern sense meant a revolution to those areas: people had to change their lifestyle and the societal structure. It was a major and painful change for the people to adjust and, in many cases, later experience unexpected counteractions of the environment. Apart from floating rice, there are other examples of living with floods in a number of countries in the warm and humid East and Southeast Asia.
There was a rale in old Nagoya, Japan, whereby the eastern dike of the Kiso River was kept 30 cm lower than that of the western side of the river protecting the western district where the more powerful Daimyo (King) was ruling. People in the eastern side then created many Waju's (circular dikes) around their villages. Besides, a boat was kept under the roof in every household, always ready to be used when the area was flooded.
In Japan, the new River Law was passed by the Parliament in 1997 which declared for the first time that the river environment should be improved and conserved and that the green belts around reservoirs and rivers are under the regulation of the law. Such statements were not present in the previous River Laws of 1896 and 1964. Building flood consciousness and risk communication to the public are important issues. A TV-year flood (of the order of probability of exceedence UN) is a convenient concept for design standardization and a public relations measure. But estimating a credible exceedence probability is not possible if the available observation record is short (it is difficult even for long records; some hydrologists even suggest that it is not possible at all). The climate or environmental change impact could render the issue even more uncertain. The public should be properly guided to the fact that a 100-year flood may come back soon. In fact, under certain simplifying assumptions, one can evaluate the probability, p, of having another 100-year flood in ten years as p = 1 -(1 -0.01) 10 , i.e. roughly 10%, in 20 years: 18% and in 50 years: 40%. In fact, two 100-year floods sometimes occur in consecutive years, as mentioned earlier. If, in a large area where local precipitation patterns are nearly independent of each other, there are 100 such mutually independent local areas, obviously a 100-year flood would occur, on an average, every year somewhere in the area. All such plain facts are not necessarily well understood by the public.
Since a flood protection system guaranteeing absolute safety is an illusion, a change of paradigm is needed: it is necessary to live with awareness of the possibility of floods. No matter how high a design flood is, there is a possibility of having floods greater than the design flood that will cause losses. Should one design dikes to withstand a 100-year flood or perhaps a 200-year flood? The latter solution would give a better protection, being far more costly. Yet, it may still turn out to be insufficient if a 500-year or a 1000-year flood arrives. One could extend considerations beyond the return periods and the dikes, using such concepts as a probable maximum flood (PMF) and design flood scenarios.
Structural and non-structural means for flood protection and management
There exist a number of structural and non-structural means for flood protection and management. Dams and flood control reservoirs, diversions, flood ways and improvement of channel capacity to convey a flood wave belong to the category of structural flood mitigation measures. Constructing reservoirs where the excess water can be stored allows a more uniform time distribution of streamflow and thus is one of remedies to alleviate the flood problem. Flood control reservoirs, also those that are unregulated, detain and store a portion of flood water, flattening the destructive flood peak. Also sabo dams (or check dams) control the discharge of rocks, sands and sediments by storing them. However, no structural flood protection measures can guarantee absolute safety. Many cases of flood protection infrastructure have been criticized in the context of sustainable development as solutions closing options for future generations and introducing unacceptable disturbances in ecosystems (cf. Takeuchi et al, 1998 ).
Yet, there are also other, non-structural, ways to alleviate floods which allow one to accommodate floods, to reduce susceptibility to flood damage and to live with floods rather than trying, in vain, to eliminate them. Possible means include: zoning, building codes, flood proofing, regulation for flood hazard areas development leaving flood plains with low-value infrastructure, e.g. riparian forests which are subject to frequent flooding. Off-stream reservoirs (polders or flood retardation ponds) consisting of a flood plain and dike provide storage for excess water. Resources of flood plains are important in aesthetics, recreation, scientific study, outdoor education and contribute to restoration and enhancement of wetlands. Permanent evacuation of the existing infrastructure from flood prone areas can be envisaged as the ultimate means in some risk areas. An important flood protection measure is the source control that is watershed management including land use and soil conservation to minimize surface runoff, erosion and sediment transport. Not only protection of wild rivers but even programmes of re-naturalization of regulated rivers are being implemented in some developed countries. Another non-structural measure is flood insurance, i.e. division of risks and losses among a higher number of people over a long time. An effective flood mitigation system consisting of forecasting, warning, dissemination, evacuation, relief and post-flood recovery can substantially reduce losses. Development of strategies for reservoir operation during floods improves preparedness. An example, based on an online distributed flood forecasting model, was presented by Gôppert et al. (1998) . Improving information and education on floods is also necessary. Regionalization of floods estimation methods (cf. Meigh et al., 1997; Shentsis et al., 1997) , that is production of regional estimates of floods of different return periods, serves the assessment of flood hazard and improved flood preparedness.
Changing flood risk due to climatic change and variability, and anthropopressure
Water resources management has been traditionally based on the assumption of stationarity, that is, one of an unchanging climate. Yet, on the large temporal scale of palaeohydrology, the earth system has often been unstable. One can distinguish distinct periods when floods were very high and other periods when they were much lower (cf. Knox & Kundzewicz, 1997) . A number of recent floods of exceptional severity make many specialists question the stationarity assumption. Soaring recent flood bills have caused concern in the insurance and re-insurance industry worldwide. On the other hand, the length of our observation series is increasing and the chance of the occurrence of more extreme events is growing with time even under stationary conditions. News coverage and flood awareness are increasing worldwide as well.
Some experts have recently reported local shortening of the recurrence interval of a given flood magnitude. For instance, what used to be a 100-year flood, now may have become closer to a 10-year flood. Beran & Arnell (1995) found that, for conditions similar to those of British rivers, a 10% increase of the mean would render a 10-year flood to occur, on the average, every seven years. Yet, extreme caution is needed with generalization of such findings, as there is indeed no hard evidence of a general tendency. Therefore no clear and unambiguous signal to the practitioners can be issued.
A number of existing case studies allowed the following statement to be included in the scientific review for the Second Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 1996, p. 338): "There is evidence from climate models that flood figures are likely to increase with global warming." This is so because (IPCC, 1996, p. 337) rainfall intensity is "likely to increase with increasing greenhouse gases concentrations" and the mass of rainfall may be distributed over fewer rain days. More intensive rainfall may increase runoff and the risk of floods and also erosion and sediment yield which contribute to elevated risk of floods due to reduced channel capacity. After IPCC (1996, p. 8) , "the magnitude and timing of runoff and the intensity of floods and droughts" will be affected though "specific regional effects are uncertain".
If studies of climate change come to predict a significant increase in the severity of hydrological extremes in the warmer world, then the consequences for codes of practice of reservoir design would be severe. One would have to design and build bigger storage volumes, at higher costs, to accommodate larger flood waves and to fulfil better the growing demand for water during the prolonged and more frequent droughts of increasing severity. The existing infrastructure may not guarantee an adequate level of protection and may need to be re-developed. At the same time it is not possible to accommodate greater hydrological variation only by reservoirs. Comprehensive and integrated land and water management is increasingly important both for flood and drought management and for ecological and environmental quality control.
Moreover, climate change is likely to influence the hydrological regime-the seasonal distribution of the process of river flow. It results from studies of Krasovskaia & Saelthun (1997) that flow regime types and stability of seasonal flow patterns experience changes under the influence of a rise in mean annual temperature (greenhouse warming). Timing and intensity of runoff are very much affected by the nonlinear nature of evaporation, vegetation and soil-moisture changes. Both theoretical studies and empirical evidence agree qualitatively on a drop in the proportion of precipitation falling as snow and on the increase in winter runoff.
Yet, apart from eventual climate change impacts, there is a significant increase in flood risk and losses due to the soaring anthropopressure. Many of the activities collectively embraced by this term adversely influence flood risk. There are mushrooming illegal settlements in endangered zones (e.g. flood plains) in developing countries. Massive deforestation, urbanization and river regulation reduce the available water storage capacity and accelerate flood waves, shortening the time lag between precipitation and the peak of the river runoff. Under-dimensioning and poor maintenance of flood protection systems also contribute to the rising risk.
CONCLUDING REMARKS
There is a need for holistic flood management in the periods before, during and after a flood. The concept is summarized in Table 2 , based on Kundzewicz & Samuels (1998) . During a flood, the mitigation of flood damage and loss will be constrained by the weakest link in the chain: detection-forecasting-warning-response; thus balance between them should be sought.
There are obvious scientific needs that could serve in strengthening weak links in the chain above and help in reducing flood losses. There is, obviously, much room for involvement of hydrologists, extending beside the hopeless task of attributing questionable exceedence probabilities to rare events. The immediate scientific challenge is to improve flood forecasting across a whole range of time horizons of concern. This could also include studying weather systems that produce extreme precipitation, quantitative precipitation forecast, and flow forecasting (e.g. probabilistic forecasts). The study of non-stationarity embracing the search for a greenhouse signature in long time series of flows and extreme value analysis is a strong growth area. A scientific background, albeit beyond the direct domain of hydrological sciences, could help establish and enforce public policies regulating development in flood plains.
If there is a long time between floods, humans tend to forget the potential danger. The Canadian hydrologist Vit Klemes (personal communication) coined the concept of a hydro-illogical cycle. Everyone knows the term "hydrological cycle", that is cycling Table 2 Components of holistic flood management (after Kundzewicz & Samuels, 1998, modified) .
Pre-flood preparedness:
Flood risk management under consideration of all possible causes of flooding Construction of physical flood defence infrastructure Legislation Investment on research and development on floods Development control within the flood plains Increasing source control, infiltration and storage/retardation facilities in urban basins Land-use planning and management Building code, flood proofing Implementation of flood forecasting and warning arrangements Public communication and education of the extent of flood risk and actions to take in a flood emergency Disaster contingency planning Maintenance of preparedness of community self-protection activities Installation of insurance scheme Operational flood management: Detection of the likelihood of a flood formation Forecasting of future river flow conditions from hydrometeorological observations Warning issued to the appropriate authorities and the public on the extent, severity and timing of the flood Emergency rescue of lives and property from the flooded areas Emergency protection of levees from breach and overtopping Strengthening of defences Decision to operate reservoirs and retardation ponds; issuing prior warning on emergency spill to the people to be affected Post-flood response: Relief for the immediate needs of those affected by the disaster Reconstruction of damaged buildings, infrastructure and flood defences Recovery and regeneration of the environment and economic activities in the flooded area Review of the flood management activities to improve the process and planning for future events of water in nature. The meaning of hydro-illogical cycle is as follows: when a large flood occurs, it mobilizes funds that were indeed so hard to find before the deluge. A number of flood protection and preparedness activities are initiated, yet some time after the flood, the memory fades. The expenditures are cut and comprehensive programmes are reduced or even suspended and abandoned. When a big flood strikes again, it acts as a reminder and triggers anew the mechanism as above.
Yet, the experiences of this decade, including the flooding in Asia in summer 1998: at the Yangtze and Songhua in China, in Korea and Japan, India and Bangladesh, and elsewhere, keep reminding us that floods are indeed a major, and in fact growing, threat to societies. Contributing to flood preparedness, flood control and mitigation is a major responsibility of hydrologists.
